Routing in wireless mesh networks presents a great challenge due to unreliable wireless links and collisions. Recently, a new routing method, opportunistic routing (OR), is proposed to deal with them by exploiting broadcast nature of wireless networks. OR relies on the global knowledge of networks to select relays and determine priorities. In this paper, we propose a new routing scheme, OxDSR, which combines OR and dynamic source routing (DSR) and performs opportunistic transmissions with the help of the local information and the traditional route obtained by DSR. By taking the duplicates and additional wireless resource consumed by multiple ACK frames into consideration, we propose a new metric, equivalent data rate, to select and prioritize relays. Extensive simulation study shows that the proposed OxDSR is more resilient and achieves higher throughput than DSR based on the expected transmission count routing metric.
Introduction
Wireless mesh networks (WMNs) are designed to provide resilient, robust and high-throughput data delivery to wireless subscribers. They are widely deployed in many scenarios, such as campus networking, community networking, and so on. Previous works mainly focus on providing resilient and robust routing by selecting the best route according to different routing metrics. Recently, the emergence of opportunistic routing (OR) [1] introduces an alternative way to build resilient and high-throughput routes between sources and destinations. OR substitutes a single next-hop (as described by other routing protocols) with a relay set. Hence, OR forwards each packet through the relay set, deferring the choice of each relay in the set until after the previous relay has transmitted the packet on its radio. OR then determines which relay in the relay set successfully received that packet, is the node closest to the destination. That closest node forwards the packet. The result is that each hop moves the packet farther than the hops of the predetermined route. However, OR relies on the global knowledge of networks to select and prioritize relays. Meanwhile, in the real deployment, the wireless environment is very complicated and routes may not exist from relays to the destination because there are many obstacles and data packets have to go around them. Furthermore, if two relays are used as next hops at the same time and both of them cannot hear each other's ACK frame, all relays will forward received packets. This issue will be explained in detail later. Therefore, the performance degrades due to duplicated transmissions. Efficiency and reliability are two targets of various routing schemes in wireless networks. There is a trade-off between the efficiency and reliability for traditional routing schemes. They cannot be guaranteed at the same time. By considering the nature of broadcast and lossy links, OR can achieve high reliability under lossy links. By taking the advantage of opportunistic transmission and avoiding the shortcoming of DSR, we propose a new routing scheme, OxDSR, which combines OR and DSR. Relying on the route obtained by DSR and the local information, OxDSR can achieve high efficiency and reliability at the same time. The rest of the paper is organized as follows. Section 2 gives related works regarding various routing schemes. Section 3 presents the overview and configuration of OxDSR. Section 4 describes implementation of OxDSR in detail. After that, Section 5 shows the efficiency of OxDSR by simulation. Finally, Section 6 concludes our work.
Related works
In the past, many routing protocols have been proposed, and many of them aim to select an optimal route between a source and a destination. Choosing a single optimal relay may not be sufficient for wireless networks [3] . The knowledge of the short-term channel condition at the MAC layer plays an important role in improving end-to-end performance. The short-term channel condition can be handled by using the nature of broadcasting [1] . In ROMER [4] , each data packet carries a cost credit. By delivering redundant data copies in a controlled and randomized manner, the throughput improves significantly. Yu et. al. propose MASA to deal with the onehop opportunistic transmission problem [5] . Based on the expected transmission count metric (ETX) [2] , several candidate selecting methods for OR are studied in [1, 6, 7, 8] . Dubois-Ferriere et. al. analyze the least-cost routing metric used by OR, and they define a cost of route as the sum of the ETX over all possible trajectories from the source to the destination [6] . However, they do not give any feasible solution for distributed networks. Meanwhile, Chachulski et. al. define the TX_credit as the number of transmissions that a node should forward for each packet [7] . Expected any-path transmissions (EAX) is proposed by Zhong et. al. to take the delivery probability of ACK frame into consideration [8] . Like other OR protocols, OAPF assumes that each node in the network is aware of the global topology and link-level packet delivery ratio, based on which OAPF can calculate the EAX between each node pair [8] .
To suppress the redundant transmissions and duplicates [9] caused by OR, several approaches have been proposed: batch processing [1] , robust (i.e. passive, piggybacked) acknowledgement [8] , compressed slotted acknowledgement [10] and transmit diversity [11] . Recently, another way to combine on-demand and opportunistic routing is proposed for intermittently connected networks [12] . Actually, the whole networks can be divided into several subnets. Nodes in the same subnet are connected with each other all the time. However, subnets are connected with each other occasionally. In [12] , On-demand routing is used for the intra-subnet routing. In contrast, OR is used for the inter-subnet routing when two sub-networks cannot communicate with each other at a specific moment. In this paper, OxDSR is designed to combine DSR and OR. The route obtained by DSR can be employed to achieve the target of load balance since routes obtained by DSR can go around hot spots. Namely, the long-term channel condition can be handled by the inherent mechanism of DSR. Meanwhile, opportunistic transmissions can be used to eliminate the influence caused by the short-term channel condition. Hence, in this paper, by adopting OxDSR, both the short-term and the long-term channel condition in wireless networks can be taken into consideration.
Overview and configuration

Overview
A. The usage of DSR:
In OxDSR, DSR is used to find the best route between a source and a destination according to a predetermined routing metric. After the routing discovery, the source can obtain the best route from the source to the destination. Hereafter, we call the best route DSR route. The DSR route can provide the direction of the destination.
B. The usage of OR:
In OxDSR, OR is employed to improve the reliability of the DSR route. By exchanging HELLO packets, a node can obtain the knowledge of its two-hop neighbours, including the topology information and delivery ratios of DATA and ACK frames. With that information, according to the metric proposed later, a source node selects nodes which can forward its packets to its second forwarder on the route as relays. In this way, the source uses OR locally to transmit its packets to the second forwarder. For intermediate nodes, they will use the same approach to transmit packets to their own second forwarders. If the receiver is not on the original DSR route, it learns the DSR route from the received packet and replaces the address of the original receiver with its own address if it is qualified to forward the received packet.
MAC protocol
To simplify our design, OxDSR adopts the MAC protocol used by ExOR [1] . And it is based on the IEEE 802.11 MAC without RTS/CTS (request to send/clear to send). To suppress duplicates, instead of only indicating whether a packet was successfully received, each acknowledgment contains the ID of the highest priority successful recipient known by itself. The process of MAC protocol is illustrated in Fig. 1 , where candidate 1 has the highest priority. In addition, the relay prioritization will be discussed later.
Fig.1 MAC protocol for OxDSR
Information collection component
Generally speaking, a tagged node can obtain the knowledge of its one-hop neighbours by monitoring the communication between itself and its one-hop neighbours. Several other methods can be used to collect the information of two-hop neighbours. One is by overhearing communications between one-hop and two-hop neighbours. The other is by exchanging HELLO packets. In this case, HELLO packets include links and link qualities between the sender and its one-hop neighbours. From those HELLO packets, the receiver learns the knowledge of its two-hop neighbours. This broadcasting method is widely used to test the link qualities of wireless links. If we choose the first method, there is high probability that a tagged node cannot detect its one-hop or two-hop neighbours when there is no transmission between them at all. Hence, we use HELLO approach in this paper. HELLO packets are broadcasted periodically. By counting the number of those packets, a tagged node learns the link qualities, such as delivery ratios of DATA and ACK frames between its one-hop neighbour and itself. That information will be sent to its neighbours via the next HELLO packet. In this way, the tagged node can obtain delivery ratios of DATA and ACK frames as well as different routes to its two-hop neighbours. All those information are maintained in a local information table.
Relay selection and prioritization component
Unlike OR, OxDSR selects local optimum relays instead of global optimum relays since it is unrealistic to collect the global information instantly. Based on the local information table, OxDSR selects local optimum relays. To be a relay, it must connect the tagged node to the second forwarder directly. If DSR performs well, the traditional route should be the global optimum route to the destination corresponding to a long-term channel condition. Hence, OxDSR regards the DSR route as the optimum route and the next-hop as the global optimum relay. Meanwhile, OxDSR selects multiple relays to deal with the short-term channel condition. A node is likely to have no route the destination if has no route to the second forwarder. In this case, it should not be considered to be a relay. In this way, we can address the problem in OR that a relay does not have a route to the destination. Two types of link quality are used to prioritize relays. One is between the tagged node and relays. The other is between the tagged node and the second forwarder. It is possible that a packet may not be forwarded to the second forwarder, because of the existence of some other paths from relays to the third forwarder. However, those paths to the third forwarder are unpredictable and we cannot guarantee them based on the two-hop information collected by the tagged node. Hence, we choose the second method to prioritize relays.
Details of OxDSR
Opportunistic transmission count
Fig.2 A local topology
The local topology shown in Fig. 2 will be used during the following discussion. We try to obtain the opportunistic transmission count (OTC) from node s to node d based on a given candidate set (J, m=|J|). Let s i be the relay with priority i (1 being the highest). For instance, if two relays do not hear each other's ACK frame, the transmissions of duplicates happen. Hence, we need to take the transmission probability of duplicates into consideration. Since EAX [8] investigates the transmission times with the consideration of duplicated transmissions perfectly, we use it to estimate the value of OTC. Hence, is the probability that node s i is not informed of s j 's reception by a lower priority relay s k which received the packet. As illustrated in Fig. 2, nodes s i and d are one-hop away from each other. Hence,
Optimal number of relays
Adopting the MAC protocol as described in ExOR, the more relays a tagged node selects, the heavier the burden is due to the overhead. On the other hand, the more relays a tagged node selects, the more reliable the path is. Hence, there must be an optimum number of relays. In order to select and prioritize relays, we propose a new metric called equivalent data rate (r d ). Intuitively, r d describes the rate of the payload with the existence of duplicates. Given channel rate r c , the corresponding r d can be estimated as follows:
where L pl is the size of the payload in bits. T b is the average backoff time and T p in seconds is a preamble of a packet regardless of the channel rate, such as the physical layer preamble for synchronization purpose at the receiver and the short inter-frame spacing SIFS at the MAC layer. L H consists of protocol overheads in bits from different protocol layers, such as IP layer. T b can be obtained by monitoring the backoff timer in MAC layer. Specifically, if the system parameters are given as described in Table 1 , r d can also be shown as:
Relay prioritization
At the beginning of this section, we assume that we have already known the priority i for node s i . Actually, we cannot get the priority at that time. Instead, since m should be very small in well deployed WMNs and we only consider three relays as the maximum number of relays in our paper, adaptation of the greedy algorithm can discover the maximum r d corresponding to the optimum relay set. In the greedy algorithm, the combination of candidates will be checked one by one. Once the maximum r d is found, the combination of candidates will be the optimal relay set. Furthermore, according to the definition of r d , it is very sensitive to the priority of relays. Hence, while we get the maximum r d , the relay priority is also determined with the corresponding order.
Tab.1 System parameters in IEEE 802.11
Object 
Performance Evaluation
In this section, we demonstrate by simulations using Matlab that r d is sensitive to the data rate, number of relays and priority. By using NS-2, we show that OxDSR can improve the End-to-End throughput significantly.
Efficiency of r d
In this subsection, we use the simple topology as shown in Fig. 2 . The number of candidates in our topology is 3. In our simulation, the delivery ratios of DATA and ACK frames are randomly chosen from 0.5 to 1.0 and 0.95 to 1.0, respectively. A. Sensitivity to priority: When the basic rate is equal to 2 Mbps and all 3 nodes are used as relays, the r d corresponding to different orders is shown in Fig. 3(a) . It shows that r d is sensitive to the order of relays. Hence, while the relay set with the maximum r d is chosen, the priority is also determined.
B. Sensitivity to the number of relays:
The selection of more relays leads to higher reliability. However, according to the definition of r d , duplicates need to be taken into consideration at the same time. The sensitivity to duplicates will be discussed later. If OxDSR chooses more relays, there will be more ACK frames and they will consume more wireless resource. In this case, r d does not have a monotonic increasing relationship with the number of relays. Hence, there must be an optimum number of relays corresponding to the maximum local end-to-end throughput, i.e., r d . In the scenario shown in Fig. 3(b) , the case with 2 relays selected among the 3 candidates can achieve the highest r d .
C. Sensitivity to the data rate:
The influence of the wireless resource consumption on the optimum number of relays also depends on the data rate. The optimum number of relays in terms of the data rate and lower bound of the delivery ratio of DATA is shown in Fig. 4 . If both the delivery ratio of DATA and the data rate are small, there will be high probability for OxDSR to use multiple relays. On the other hand, when both of them are big, a single relay is the best choice. In other words, the relay selection based on r d is very sensitive to the data rate. Fig.4 Number of optimal relays in terms of data rate and lower bound of the delivery ratio of DATA
D. Sensitivity to duplicates:
In this scenario, we assume there are two relays, and they cannot hear each other's ACK frames at all. The delivery ratios of DATA and ACK frames are 1.0 and EAX is 3.0. It is obvious that both two relays will forward packets to the destination, accordingly. Hence r d precisely detects duplicates by taking the advantage of EAX. This result strongly suggests that the delivery ratio of ACK cannot be ignored.
End-to-End throughput analysis
In this subsection, the efficiency of OxDSR is demonstrated by NS-2 simulations. ExOR MAC protocol and DSR are adopted as the MAC and routing protocols. A grid topology of 7×7 is used in our simulations. The communication distance and the distance between each neighbour are 250 m and 170 m, respectively. The node in the middle of the grid can communicate with 8 nodes around it. The data rate is 2 Mbps. We mainly focus on the end-to-end throughput of DSR based on ETX [2] and that of OxDSR.
A. Single flow scenario: Since only one flow is active in the network, the performance is affected by how often links are broken. Since multiple links share the wireless resource together, collisions happen as a result competition. In DSR based on ETX (DSR-ETX), there is only one path from the source to the second forwarder to deliver packets. However, in OxDSR, all available paths from the source to the second forwarder could be used. If one of those relays cannot receive the packet successfully due to collisions, other nodes in the relay set still have a probability to receive the packet. That is the reason why OxDSR performs better than DSR-ETX. The performance comparison is shown in Fig. 5 . shows the end-to-end throughput under low and high traffic load. In Fig. 6(a) , the mean end-to-end throughput of OxDSR is about twice better than that of DSR-ETX. The curve of the DSR-ETX is not stable when more flows are active since it cannot deal with collisions efficiently. As a result of collisions, DSR-ETX changes routes from time to time by performing route discovery. The wireless resource consumption caused by route discovery leads to a performance decrease. In contrast, the end-to-end throughput of OxDSR is stable since it addresses collisions perfectly. However, under high traffic load scenario, OxDSR cannot improve the network throughput all the time as shown in Fig.  6 (b). Data frames are continually retransmitted since collisions happen and all relays cannot receive the data frame successfully. Although OxDSR has similar performance to DSRETX, its performance is not worse than that of DSR-ETX due to efficiency of the relay selection scheme.
(a) Low traffic load (b) High traffic load 
Conclusion
Opportunistic transmission is a good way to improve the reliability of a particular route. As a result of requiring global information, OR is difficult to be put into practical. In this paper, we propose a hybrid routing scheme based on the combination of DSR and OR. Instead of requiring global information, the proposed OxDSR only needs the local information to perform opportunistic transmission. Our relay selection metric counts the number of transmissions precisely and it takes the price of multiple relays into consideration.
Based on the efficient relay selection metric, extensive simulation study shows that OxDSR performs much better than DSR-ETX in terms of end-to-end throughput.
